Abstract. A dispersion compensating fiber exhibiting low losses is used to study the phase to amplitude noise and amplitude to phase noise conversion mechanisms with a very good signal-to-noise ratio over a 20 GHz bandwidth. It is shown that the large frequency noise of semiconductor lasers and the losses in the fiber restrain this technique from efficiently reducing the relative intensity noise to improve the dynamic range of opto-microwave links. However, these properties are proved to be useful to precisely characterize the laser phase noise over a large bandwidth. 
Introduction
It is well known that dispersion, in particular in optical fibers, can be responsible for the conversion of frequency or phase modulation into amplitude modulation, and conversely [1, 2] . This mechanism can even lead to a fading of the modulation of the laser intensity in optical communications [3] . Of course, similar conversion mechanisms exist in the case of an unintentional phase or intensity modulation, such as the phase and intensity noises of the laser [4, 5] . Depending on the total dispersion of the optical link and on the modulation frequency, one finds that either the phase or the amplitude noise of the source plays a predominant role in the overall efficiency of the optical telecommunication system [6, 7] . This effect can be used advantageously to reduce the intensity noise of the laser at a given frequency using a well chosen length of fiber [8] or a fiber grating [9, 10] . However, in this case, one must be careful not to increase the intensity noise by conversion of the phase noise at this frequency into intensity noise.
Furthermore, in the context of microwave photonics where relatively high powers (few milliwatts) are needed at the fiber output to maximize the dynamic range of the link [11] , one prefers to use rather short fibers in order to minimize losses and thus to try to avoid non-linear effects that tend to increase the noise [12, 13] . Moreover, the use of very long fibers in microwave links adds phase jitter to the link [14] , which is another reason why relatively a e-mail: fabien.bretenaker@lac.u-psud.fr short fibers are preferred. However, since we want the frequency at which the noise is reduced to fall within the useful bandwidth (0.1-20 GHz), a relatively strong amount of overall dispersion is required from the link. All these reasons explain why, in the context of microwave photonics, we prefer to focus on short lengths of highly dispersive fiber. Then, we need to control, over a large bandwidth (typically 20 GHz), how the intensity and phase noises of a laser are modified and/or mixed through propagation in this relatively short highly dispersive fiber. Moreover, since the spectrum of the laser phase noise is usually inferred from measurements of the laser linewidth [15] , and is thus difficult to know over the whole multi-gigahertz useful bandwidth [16, 17] , we can wonder whether such a laser phase noise characterization could not be performed directly using the dispersive opto-hyper link. The aim of this paper is thus twofold: (i) to explore the possibility to reduce the intensity noise by propagation through a relatively short highly dispersive fiber; (ii) to use the radiofrequency optical link itself to characterize the laser phase noise over a large bandwidth.
2 Characterization of the fiber dispersion by propagation of amplitude and phase modulated light
The 16.8-km-long fiber that we use is a dispersion compensating fiber (DCF) produced by Draka ComTeq. It has a dispersion equal to −150 ps/nm km at 1550 nm. It exhibits Article published by EDP Sciences this strong dispersion for losses limited to 0.58 dB/km. Thus, it offers a better trade-off between dispersion and losses than standard fiber (17 ps/nm km with 0.3 dB/km losses). In order to understand the action of this fiber on the laser light noise, we need to know precisely its overall dispersion. We thus start by characterizing this fiber using phase modulation to amplitude modulation conversion, and conversely. To this aim, we use a DFB laser at wavelength λ = 1551 nm that we modulate at frequency f before being launched into the DCF. At the output of the fiber, we measure the amplitude of the component of the intensity modulated at f using a detector, an amplifier, and an electrical spectrum analyzer (see Fig. 1a ). We use successively integrated optics LiNbO 3 amplitude and phase modulators. The corresponding results are reproduced in Figures 1b and 1c for f varying between 100 MHz and 12 GHz. To fit these results, we use the following expression for the intensity modulation amplitude transmission [18] :
and the following expression for the phase modulation to intensity modulation amplitude conversion efficiency:
where ω = 2πf is the angular modulation frequency and where β 2 is related to the fiber dispersion D and the velocity of light c in vacuum by the following relation:
The corresponding fits are reproduced together with the modulation transmission measurements in Figures 1b and 1c. The theoretical curves are obtained using equations (1, 2) with a total dispersion equal to DL = −2541 ps/nm. One can see that, as expected, the phase to amplitude modulation conversion exhibits a maximum at the frequencies for which, conversely, the intensity modulation fading occurs. Moreover, this technique permits a very precise measurement of the overall dispersion of the fiber that will be used to interpret the noise measurements in the following.
Experimental measurements of the RIN after propagation through a dispersive fiber
Let us thus use our fiber to investigate how the noise from a DFB laser will be modified by propagation through it.
To this aim, we use the experimental setup of Figure 2a in which the DFB laser is the same as the one used in Section 2. At the output of the fiber, the RIN is measured using a carefully calibrated measurement bench consisting in a fast photodiode, a low-noise amplifier and an electrical spectrum analyzer. We first start by using the laser at a relatively low excitation ratio (r = 2.5), corresponding to an injected current i = 62 mA and a 8.2 mW optical power launched into the fiber. The laser wavelength is then equal to λ = 1550 nm, a wavelength at which the fiber dispersion is DL = −2534 ps/nm. In these conditions, the comparison between the RIN spectra at the laser output (without the fiber) and at the output of the fiber is given in Figure 2b . As expected, the RIN is indeed reduced at some discrete frequencies (6.4 GHz, 9.3 GHz, 11.2 GHz, . . . ) with respect to the initial RIN of the laser. However, some of the features of the spectrum of Figure 2b do not correspond to the simple image in which the RIN is converted into phase noise for some given frequencies.
In particular, one can see that while the RIN is reduced at some frequencies by the propagation into the dispersive fiber, it is increased at other frequencies, and in particular at low frequencies below 6 GHz. This shows that the RIN modification through the fiber cannot be directly compared with the fading of an intensity modulation similar to the one of Figure 1b . In particular, the noise increase at some frequencies indicates that another source of noise must be taken into account, namely phase noise.
To introduce the role of phase noise in the evolution of the RIN through propagation in the fiber, we follow for example reference [18] . Let us suppose that the laser light power P (z, t) and phase φ(z, t) at time t and at a given abscissa z along the fiber are given by the sum of their mean value and weak fluctuations:
Then the RIN spectrum is related to the Fourier transform p(z, f ) of p(z, t) through the following relation:
and the power spectral density of the laser angular frequency noise Sφ(z, f ) is directly related to the Fourier transformφ(z, f ) of ϕ(z, t):
Then, by writing the linear propagation of the field through the dispersive fiber, the RIN after a propagation distance L can be related to the RIN and the frequency noise spectrum at the fiber entrance through the following equation:
This expression does not include the effect of the variation of β 2 with the frequency. This approximation is justified here because the variation of the dispersion of the fiber that we use over the considered bandwidth is negligible. The expression in equation (8) consists in three terms. The first one corresponds to the transmission of the initial RIN of the source. This contribution is minimum when the cosine is equal to zero, i.e., for frequencies f j (j ∈ N) given by:
These frequencies, which correspond to the minima in Figure 1b , are plotted as dots in Figure 3 for the values of the dispersion and length corresponding to our fiber (DL = −2534 ps/nm at λ = 1550 nm). The second term in equation (8) corresponds to the phase noise to amplitude noise transfer mechanism. It exhibits minima for the zeroes of the sine, corresponding to the frequencies f k (k ∈ N) given by:
These frequencies correspond to the minima in Figure 1c and are plotted as triangles in Figure 3 . Finally, the third term in equation (8) cannot be neglected. This term vanishes for the frequencies f l (l ∈ N) given by:
These frequencies, which are plotted as diamonds in Figure 3 , correspond to the combination of the frequencies f j and f k from equations (9) and (10), respectively. Finally, we have also plotted as squares in Figure 3 the frequencies f m which correspond to the successive minima in the RIN spectrum of Figure 2b . One can see that these frequencies do not correspond at all to the frequencies f j which describe the simple transmission of the initial RIN of the source through the dispersive fiber. On the contrary, the f m 's are much closer (although not equal) to the frequencies f k which are the minima of the phase noise to amplitude noise conversion process. This definitely proves that this latter conversion process is the dominant effect here. This is even clearer if we increase the laser diode injected current up to i = 350 mA, corresponding to r = 14. Its wavelength is now λ = 1551 nm, and the fiber dispersion is measured to be DL = −2541 ps/nm. At this current, the laser emits 50 mW. However, if we launch this power into the fiber, the propagation becomes strongly nonlinear. This leads to a strong increase of the noise and to a shift of the positions of the noise minima, as illustrated in Figure 4 . These effects, due in particular to the appearance of a strong Brillouin scattering effect, have already been observed and explained in references [12, 13] . We thus reduce the injected power down to 4 mW using an optical attenuator (not shown in Fig. 2a ) and keeping the laser at the same injected current. Thanks to the fact that our fiber has a strong dispersion for moderate losses, we are able to obtain the well contrasted spectrum of Figure 2c . One can see that we are just at the threshold of stimulated Brillouin scattering in the fiber, leading to the small spurious peak at 10 GHz. Now, concerning the RIN, we can see that the propagation in the dispersive fiber leads to an increase of the RIN all over the explored bandwidth with respect to the RIN at the laser output. This, together with the fact that the minima now correspond exactly to the frequencies f k , shows that the RIN at the output of the fiber is now dominated by the laser phase noise to intensity noise conversion mechanism, i.e., the second term in equation (8) . In the next section, we thus use the RIN spectra after propagation through the dispersive fiber to extract the initial laser phase noise spectrum.
Experimental determination of the laser phase noise over a large bandwidth
Following [19] , we use the following expression to describe the RIN at the laser output:
where ∆ν st is the usual Schawlow-Townes linewidth, f r and Γ r are the relaxation oscillation frequency and decay rate, respectively, γ e is the carrier decay rate, and R sp is the spontaneous emission rate in the laser mode [19] . We used equation (12) to fit the two RIN spectra at the input of the fiber reproduced in Figures 2a and 2b . This leads to the parameters summarized in Table 1 for the two following values of the laser relative excitation: r = 2.5 and r = 14. The corresponding fits are plotted as dashed lines in Figures 2b and 2c . Now these laser parameters are known, we can use the spectra obtained after propagation through the dispersive fiber to obtain the frequency noise spectrum. This is possible because the propagation through the fiber adds the second and third terms to equation (8) . We use the following expressions obtained following reference [19] to compute these phase noise dependent terms: where α H is Henry's factor, and
. (14) Using equations (8, (12) (13) (14) , we obtain the fits of the RIN after propagation through the dispersive fiber which are reproduced as dashed lines in Figures 2b and 2c . These theoretical curves have been obtained by adjusting only the value of α H while keeping the parameters summarized in Table 1 constant. We thus obtain α H = 2.97 and α H = 4.4 for r = 2.5 and r = 14, respectively. We notice that the evolution from r = 2.5 to r = 14 of the laser parameters extracted from the fits is consistent with the typical results found in the literature (see for example Refs. [20, 21] ). The agreement between these fits and the experimental spectra is very good, except for one point: the minima in the theoretical RIN spectrum after propagation through the fiber and reproduced in Figure 2c are much smaller than in the experimental spectrum. This is due to the fact that equation (8) does not take the shot noise background into account. Indeed, as mentioned earlier, the power launched into the fiber is limited to 4 mW in order to avoid extra noises due to the onset of stimulated Brillouin scattering. Then, due to the losses introduced by the propagation through the fiber, the photocurrent I ph after detection falls down to 300 µA. We thus add the relative shot noise term 2e/I ph to equation (8) , corresponding to −150 dB/Hz, and leading to the dashed line of Figure 5 . An excellent agreement between the measurement and the fit is then obtained. Let us mention that, if we had performed our experiments with standard SMF28 fiber, we would have needed a fiber length of 145 km to obtain the same overall dispersion, thus adding 34 dB extra losses to the link. The shot noise floor would have been increased up to −116 dB/Hz, thus completely hiding the RIN spectrum of Figure 5 . Besides, it is worth mentioning that if we were able to launch the whole laser power (50 mW) inside the fiber without experiencing any nonlinear effect, the detected photocurrent, taking the 9.7 dB losses of the fiber and the 0.8 A/W conversion efficiency of the photodiode into account, would be as large as 4.3 mA. This would correspond to a shot noise level equal to −161 dB/Hz, al- lowing a true reduction of the RIN around the frequencies f k 's by propagation through the dispersive fiber.
The very good quality of the fits that we obtain for the four experimental spectra of Figure 2 shows that the model that we have chosen for these fits faithfully reproduces the amplitude and phase noise spectra of our laser. Consequently, using the parameters obtained from the fitting procedure, we can be confident that equation (13) will give the actual frequency noise spectrum of the laser light. This is what is given in Figure 6 for the two injected currents discussed above. One can recognize the usual frequency noise spectrum of class-B lasers, which exhibits a maximum at the relaxation oscillation frequency. One interesting feature of this technique to measure the frequency noise spectrum is that for a sufficiently large excitation, illustrated here by the case r = 14, the laser intensity noise plays a negligible role in the RIN of the light measured after the dispersive fiber, as predicted by Marshall et al. [22] . This is illustrated in Figure 7 which compares the experimental measurements with the fit obtained using only the second term of equation (8) (phase noise to intensity noise conversion). One can see that the result is very close to the one obtained using the complete equation (8) (see Fig. 2c ). The fact that the contribution of the laser intensity noise becomes negligible far above laser threshold illustrates the well known fact that the laser intensity noise decreases much faster that the laser frequency noise when the laser excitation is increased.
Conclusion
In conclusion, we have shown that choosing a dispersion compensating fiber realizes a good trade-off between large dispersion and low losses to study the evolution of the intensity noise under the influence of dispersive propagation. In particular, we have shown that in the case of a diode laser, the phase noise to amplitude noise conversion mechanism plays a predominant role when the laser is far above threshold. In the present case, the dispersive fiber that we used allowed the laser RIN to be partly reduced at low injection currents. On the contrary, it did not permit to decrease the RIN of the laser for large injection currents. This has been shown to be due to the fact that we must reduce the power injected into the fiber in order to minimize Brillouin scattering, thus increasing the shot noise level till it hides the local RIN minima in the spectrum. However, we can see that if we could reduce the losses of the dispersive fiber by a factor of 2 (corresponding to 0.3 dB/km) and increase the Brillouin scattering threshold by a factor of two also, allowing us to inject 10 mW into the fiber, then we could detect a 2 mW power at the output of the fiber, corresponding to a shot noise level of −159 dB/Hz. This would thus open the way to a true RIN reduction at discrete frequencies, with potential applications to the optical distribution of radar local oscillators. Besides, after a careful calibration of the fiber dispersion, the present study has allowed us to determine the entire initial frequency noise spectrum of the laser over a 20 GHz bandwidth. This method is much more precise and simple to implement than the usual method based on an unbalanced interferometer [16, 17] . Moreover, the method developed here, which allows a full characterization of the phase and intensity noises of a laser, together with their correlations, opens the way to interesting investigations of the noise characteristics of different kinds of lasers, e.g., quantum dot-and quantum dash-based lasers, in which the physics governing the value of Henry's factor is still an active subject of discussion [23, 24] .
